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Chapter 7
Nanoscale Spin Transport through Graphite
Nanostructures
Abstract
Organic semiconductors and/or carbon based materials are very attractive for spin based
electronics due to their weak spin orbit coupling and low hyperfine interaction. Although
very large spin relaxation length has been reported for lateral transport in graphene, but
the transport across the graphene or through the graphene layers in graphite is not yet
well understood. Here we use graphite as the model system to study perpendicular spin
transport through the weakly bonded graphene sheets in the hot electron regime using
Cu/Si Schottky detector. We observe no measurable loss of spin informations for 16 nm
thick graphite flakes, consistent with a previous report on similar hot electron experiment
using Au/Si Schottky detector. However the overall transmissions are recorded to be
approximately 1.8-2 times lower on the region with the flake than without the flake.
Taking into account the growth of the metallic layers sandwiching the graphite flakes
and the energy and momentum sensitivity of the Cu/Si Schottky interface to hot electron
spin transport, we explain our results on detection of hot electron scattering without any
measurable loss of spin flip scattering.
7.1 Introduction and Motivation
E
xtensive research has been performed over the past few decades on carbon-
based organic materials. Chemical tunability of the electrical properties along
with the mechanical flexibility in organic semiconductors [1] has already led to the
impressive progress in the filed of optoelectronics. Such materials are expected to
have a very long spin relaxation time due to weak spin-orbit coupling of light car-
bon (C) atoms and low hyperfine interaction which is beneficial for spintronics [2, 3].
However, to achieve a large spin relaxation length as in graphene [4, 5, 6], a very
long spin relaxation time along with high carrier mobility and the diffusion constant
are also desired. Transport in organic semiconductors are due to propagation of the
electrical carrier by incoherent hopping between strongly localized states [7]. How-
ever, transport in garphene and carbon nanotubes is because of band like conduc-











Figure 7.1: Schematic representation of the highly oriented pyrolytic graphite (HOPG) crys-
tal. Carbon atoms (sp2 hybridized) in two dimension form hexagonal sheets which stack as
ABAB by weak van der Waals force in three dimensional graphite. The dashed lines indicate
the unit cell of graphite.
tion with high carrier mobility. Similarly, graphite is an interesting system because
the conductivity and mobility are very large in the plane of the graphene sheets, but
more than two orders of magnitude smaller in the perpendicular direction [10]. So
in perpendicular direction, it resembles organic semiconductors and will thus be an
interesting system to study spin transport. Moreover, graphite is available as a high
purity material which will lower the complications that impurities introduce.
The crystalline structure of highly oriented pyrolytic graphite (HOPG) is shown
in Fig. 7.1. Carbon (C) atoms in each graphite planes (known as graphene) are co-
valently bonded to three neighboring C atoms in the plane and form a honeycomb
lattice. Each C atom has four valence electron in its outermost electron cell, three
of which form covalent bonds. Electrical conductivity in a graphene plane is be-
cause of the fourth valence electron which does not take part in formation of a co-
valent bond and can easily move in an electric field. Each graphene plane orients
themselves to form bulk graphite in two possible ways, hexagonal and rhombohe-
dral. The pattern sequence is ABAB graphene layers for the hexagonal graphite in
which the bonding energy is lower than the rhombohedral graphite with ABCABC
sequence. The dashed lines indicate the unit cell of the crystal with in-plane lattice
constants, a = b = 2.456 A˚. The bond length between two C atoms is 1.418 A˚. For
hexagonal graphite, the lattice constant in the perpendicular direction is c = 6.694 A˚.
The distance between two adjacent graphene planes is c/2 = 3.347 A˚. Each graphene
planes are bonded by weak van der Waals forces that suggests no electrical conduc-
tion in the direction perpendicular to the graphene layers which is not completely
true. Recent model suggests that there is dominant weak metallic bonding forces
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Graphite Graphite
Figure 7.2: Recent demonstration of perfect spin transmission across the weakly bonded
graphene sheets in graphite spin valve. No measurable loss of spin information for trans-
mission through graphite nanostructures, 300-500 nm across and up to 17 nm thick in cur-
rent perpendicular to plane geometry. The device consists of a n-Si substrate coated with
Au(8)/NiFe(3)/Au(3)//Graphite//Au(3)/Co(3)/Au(4) in (nm). Here, the detector interface
is polycrystalline Au/n-Si Schottky barrier. (a) Topographic STM image. (b), (c) Correspond-
ing BEMM images for P and AP magnetic state. [(d)-(f)] Cross-section profiles as indicated in
the above images. Taken from Ref. [10].
between graphene planes [9]. It is considered that between graphene planes, delo-
calised pi-electrons are enabling conduction.
7.2 Earlier report on perfect spin transport across graphite
sheets
In an earlier experiment on hot electron spin transport [10], it was shown by T.
Banerjee et al., that graphite nanoflakes upto 17 nm thick does not noticeably reduce
the transmitted current as shown in Fig. 7.2. Simultaneously there was also no loss
of spin information. Therefore it was estimated that graphite should have a much
longer hot electron attenuation length, at least larger than 100 nm at 1.8 eV above
the Fermi level. Because the spin-orbit interaction is weak in graphite, from this hot
electron experiment the spin relaxation length was expected to be even higher and
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approached the micron range. This surprising result was unexpected for transport
in a direction perpendicular to the graphene planes in comparison with other or-
ganic materials where much shorter spin-scattering lengths in the 10-40 nm range
are reported [12, 13, 14, 15]. Nevertheless, no loss of spin information confirms the
spin-flip length in graphite is larger than 17 nm thick graphite flakes. In this regards,
it was predicted by V. M. Karpan et al., that both graphite and graphene can form a
strong spin filter at the interface with ferromagnets in the perpendicular geometry
[11]. Both the experimental observation and theoretical calculation highlights the
potntial of graphite in spintronic devices.
7.3 Spin scattering and transport through graphite nanos-
tructure
In order to investigate the scattering of spin polarized hot electrons in graphite, we
employ similar BEMM experiment as in Ref. [10] but with an important modifica-
tion. Instead of using a polycrystalline Au/n-Si Schottky barrier of barrier height
0.8 eV, here we use nearly epitaxial Cu/n-Si interface of barrier height 0.6 eV that is
much more momentum and energy selective than the polycrystalline barrier. Our














Figure 7.3: Schematic of the graphite spin valve device with the BEMM technique. Device is
fabricated by depositing Cu(10), NiFe(4), Au(5), Graphite, Au(5), Co(4), Au(5) (in nm) on n-
Si(100) substrate. Two tip locations are indicated as ‘ON’ and ‘OFF’ considering the transport
with and without the graphite flake. The BEMM current IB , is transmitted perpendicularly
through the layer stack and is collected at the back of the n-Si(100) substrate.
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netic metal layers with a graphite spacer as follows: n-Si/Cu(10)/NiFe(4)/Au(5)/
/Gr//Au(5)/Co(4)/Au(5) (in nm). The local capabilities of the BEMM technique
are then used to probe spin transport locally in such nanostructure as shown in
Fig. 7.3. The injected hot electrons by the STM tip will spin polarized in the Co
layer before reaching the graphite. A 4 nm thick Co layer is expected to transmit
hot electron with 85% spin polarization. The spin polarized electrons will then cross
the graphite and will be detected by the second FM layer. Finally the transmitted
electron will be collected in the conduction band of n-Si. In the spin transport ex-
periment when the spin is conserved in the graphite spacer, the total transmission is
largest for P alignment of the ferromagnets, and smaller for AP alignment. The mag-
netic information can be obtained as magnetocurrent, MC = (IP -IAP )/IAP , where
IP and IAP denote the transmitted current for the P and AP magnetic state, respec-
tively. Any spin relaxation process in the graphite spacer will tend to minimize the
spin asymmetry by equalizing the P and AP transmission and a reduction in MC is
expected. Comparing the local MC by moving the STM tip on the device with (‘ON’)
and without (‘OFF’) the graphite flake will then provide information about the spin
relaxation in the graphite spacer. In addition to that, injected hot electron energy can
be varied, typically from 2 eV to the SBH (0.6 eV), giving energy dependence of the
spin transport which is not accessible by ordinary conduction at the Fermi energy.
7.3.1 Device fabrication and flake identification
The fabrication steps of graphite spin valve are shown in Fig. 7.4(a). HOPG of SPI-
2 grade (density 2.27 g/cm−3, in-plane resistivity 4×10−5 Ω cm, and out of plane
resistivity 1.5×10−1 Ω cm) is exfoliated and then ultrasonicated in very large scale
integrated circuit-grade isopropyl alcohol for nanoflakes preparation [10]. For the
BEMM device, we use a n-Si(100) substrate where 300 nm SiO2 is removed from
a 150 µm diameter hole. First, a 10 nm Cu layer is evaporated to form a Cu/n-Si
Schottky barrier, followed by 4 nm of NiFe and 5 nm of Au, the latter providing a
chemically inert cap layer. Graphite nanoflakes are then ex-situ dispersed using a
microsyringe on the template and the solvent is allowed to dry. The sample is again
reintroduced into the deposition system and a final stack of Au 5 nm, Co 4 nm, Au
5 nm is evaporated.
The graphite nanoflakes are first inspected by AFM as shown in Fig. 7.4(b). This
is done because the AFM can scan a much larger area than the STM tip in the BEMM
system. The thickness of the graphite nanoflakes is found to vary in the range from
10 to 30 nm with flat top and their lateral dimension is found to vary between 100
and 600 nm (all AFM scans are not shown here). For thicker flakes it is found not
have a very flat top. A flat top is desirable as it is a strong indication that the graphite

































Figure 7.4: (a) Fabrication steps of graphite spin valve. Initially Cu(10), NiFe(4), Au(5) layers
are deposited on H-terminated n-Si(100) substrate, then ultrasonicated graphite nanoflakes
are dispersed on top. Finally Au(5), Co(4), Au(5) layers are deposited to complete the spin
valve structure. (b) AFM image of the top surface showing several graphite nanoflakes in the
top panel and in the bottom panel is the height profile along the horizontal line as indicated
in the image.
layers are stacked parallel to the surface. These graphite flakes are randomly dis-
tributed over the surface as are found in the AFM scans and sometimes the size of
the flakes are too small to perform any BEMM study. The graphite spin valve device
is then loaded in the BEMM system and the STM tip is landed in the close proximity
of the detected region with graphite nanofalkes.
7.3.2 Magnetic imaging of spin transport
First a surface topography is recorded by scanning the STM tip. A nanoflake is
clearly identified as shown in Fig. 7.5(a). The surface grains of the metal layers
are also visible in the picture. From the section view as indicated by the line, the
flake is found to be approximately 16 nm thick (48 graphene layers) as shown in
Fig. 7.5(d). The BEMM transmissions for parallel (P) and anti-parallel (AP) magne-
tization orientations are shown in Figs. 7.5(b) and 7.5(c). It can be seen that on (‘ON’)
the graphite there is lower transmission than off (‘OFF’) the graphite for both cases.
For the P state the transmitted current is largest and equal to about 0.42 ± 0.03 pA
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Surface topography BEMM image (P) BEMM image (AP)
-1.4 V, 2 nA 100 nm
a) b) c)
d) e) f )
Figure 7.5: Spin transport measurement in the graphite spin valve of n-Si/Cu(10)/
NiFe(4)/Au(5)//Gr//Au(5)/Co(4)/Au(5) (in nm). The detector interface is now a nearly
epitaxial Cu/n-Si Schottky barrier. (a) Topographic STM image. (b) and (c) Corresponding
BEMM images for P and AP magnetic state. [(d)-(f)] Cross-section profiles as indicated in
the above images. The transmissions for P and AP state are measured to be approximately 2
times lower at the place ON the 16 nm thick graphite than OFF the graphite. Measurements
are performed at 100 K using PtIr metal tip.
at OFF the flake which decreases to 0.22 ± 0.03 pA at ON the flake at 2 nA injec-
tion. For the AP image on the right, the current is strongly reduced in most of the
area, and a slightly visible magnetic domain contrast appears. Transmission OFF
the flake is about 0.12 ± 0.02 pA whereas ON the flake is about 0.06 ± 0.02 pA for
again at 2 nA injection. At -1.4 V tip bias and 2 nA tunnel current, the transmission
ON the flake is found to be almost 2 times lower than OFF the flake as indicated in
Figs. 7.5(e) and 7.5(f). This is very different than the earlier report in a similar struc-
ture with an Au/n-Si interface as detector [10], where the graphite nanostructures
showed almost perfect transmission. In addition we also observe that there are some
regions surrounding the graphite flake have transmission lower and in-between ON
and OFF the flake. Such inhomogeneities at the edges of the flake is because of the
growth of the top metal layers at the boundary of the 16 nm thick flake during the
deposition process which cause an artifact in the magnetic imaging in the direction
of the scan. Although it was not the best magnetic image we have obtained but the
position of the flake is clearly identified for further transport experiment by placing
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the STM tip ON and OFF the flake and a more precise study on bias dependence of
spin transport has been done as describe in the next subsection. At the end of the
measurement we have also confirmed the position of the flake by a final STM scan.
7.3.3 Local hysteresis and energy dependence of spin transport
The STM tip that is used to inject current locally (10 nm region) in the structure, is
then positioned in a location at OFF and ON the 16 nm thick graphite flake as iden-
tified previously. As an unambiguous proof of spin transport, magnetic hysteresis
measurements are shown in Fig. 7.6 for both OFF and ON the flake. Transmitted
BEMM current is recorded by sweeping the magnetic field through a complete cy-
cle from +300 to -300 Oe and back, at constant tunnel current 2 nA and tip bias -2 V.
The magnetization of the two ferromagnets is first saturated by applying a magnetic
field of +300 Oe which leads to the parallel state with high BEMM current of 0.72 ±
0.04 pA at OFF the flake and 0.34 ± 0.04 pA at ON the flake. When the magnetic
field is swept to negative values, a transition to the AP state with lower transmission
of 0.33 ± 0.03 pA at OFF and 0.15 ± 0.03 at ON the flake occurs due to magnetiza-
tion reversal of the soft NiFe layer with respect to the Co layer. Further change in
the magnetic field reverses the Co magnetization and again the P state with high
transmission is recovered. A similar characteristics is observed on the retrace. The
corresponding MC is calculated to be∼120% for both outside and inside of the flake
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Figure 7.6: (a) Local magnetic hysteresis measurement at a tip position without the 16 nm
thick graphite flake shows variation of BEMM transmission with the external magnetic field
for both trace and retrace. (b) Similar measurement as in (a) but now placing the tip on the
flake. All measurements are done at constant VT = -2 V, IT = 2 nA and T = 100 K.
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Figure 7.7: (a) Bias dependence of the BEMM transmission for P and AP magnetization orien-
tation of the two FMs at the location OFF the flake. (b) Similar bias dependent measurement
ON the flake. (c) Bias dependence of the magnetocurrent for both OFF and ON the flake as
extracted from the Figs. (a) and (b) respectively.
flake for both P and AP. Apart from the transmission values, we have observed a
change in the switching fields of the ferromagnets. For both OFF and ON position,
the NiFe is observed to switch around 12 Oe whereas the switching field of Co has
changed significantly. The region without the graphite flake, Co is found to switch at
around 90 Oe but the switching field increases to 145 Oe with a much sharper jump
in the region with the 16 nm graphite flake. The reason for such change in switching
fields is due to the better decoupling between the two ferromagnetic layers locally
in presence of a 16 nm thick graphite.
In order to get the energy dependence of the spin transport, spectroscopy scans
are performed afterwards on both OFF and ON positions. STM tip is now posi-
tioned at several places outside the flake and the BEMM current is measured as a
function of VT for P and AP alignment. An average of nearly 100 individual spectra
for P and AP at OFF the flake is shown in Fig. 7.7(a). The non zero transmission is
only observed above 0.6 eV when the electron energy is above the Cu/n-Si Schottky
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barrier height. The BEMM transmission is largest for the P state and more than a
factor of 2.6 smaller at -2 V tip bias for the AP configuration as expected. Similarly
spectroscopy scan at out of the flake is shown in Fig. 7.7(b). Here too the non zero
transmission is only above the SBH with a significant difference between the P and
AP state. However the overall transmission is now lower by a nearly constant factor
of 1.8 times at -2 V for both P and AP at ON the flake. MC is now extracted for both
cases and are plotted in Fig. 7.7(c). MC of around 400% is found at -0.8 V which
gradually decreases to 160% at -2 V tip bias for both cases. Such decrement in MC
is because of the change in spin asymmetry with bias as reported earlier. Although
we observe a decrease in transmission on the flake but the similar MC indicates that
there is no loss of spin information while electron travels through the 16 nm thick
graphite spacer layer. This measurement shows that the spin flip length in graphite
is more than it’s 16 nm thickness. The transmission what we have recorded are
from the most commonly observed region-1 (90%) for both cases as is discussed in
the previous chapter. What we additionally observe here is that the transmission
ON the flake slightly facilitated the electron to be collected from the second conduc-
tion band minima at above -1.4 V tip bias than OFF the flake. Scattering of the hot
electron in the graphite flake and two Au/Gr interfaces is considered to be the rea-
son behind such an observation. During these measurements region-2 as indicated
in the previous experiment was not detected ON the flake. Such regions are only
nearly 10% of the total device area and thus might not be possible to observe easily.
Spin dependent collector current at the region OFF the flake, for the P and AP
configuration, can be written as [16],
IP ∝ (TMNiFeTMCo + TmNiFeTmCo), IAP ∝ (TMNiFeTmCo + TmNiFeTMCo) (7.1)
and at the region ON the flake can be written as,
IP ∝ (TMNiFeTGrTMCo+TmNiFeTGrTmCo), IAP ∝ (TMNiFeTGrTmCo+TmNiFeTGrTMCo) (7.2)
where TM and Tm refer to the transmission of the majority (M) and minority (m)
spins in the ferromagnetic layers, and TGr is the transmission in the graphite spacer.
In presence of the graphite flake, an increase in thickness (d) and the no. of extra
interfaces (Gr/Au) lead to a decrease in transmission, TGr∝β(Gr/Au)exp(− dλGr ) be-
cause of increase in both elastic and inelastic scattering. If a material has a much
higher hot electron attenuation length than the used thickness in an experiment,
the decrease in transmission may not be significant to observe. However, using an
energy and momentum sensitive Schottky detector, it will still be possible to ob-
serve a constant reduction for both P and AP transmission. In this experiment we
have used nearly epitaxial Cu/Si Schottky interface with barrier height of 0.6 eV
for hot electron collection instead of a Au/Si interface of barrier height 0.8 eV. Also
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the epitaxial nature of the Cu/Si interface makes it very sensitive to the momentum
scattering as established earlier in chapter 6 in this thesis. So the electrons which are
being scattered in the bulk 16 nm thick graphite flake as well as at the two Au/Gr
interfaces will not be detected across epitaxial Cu/Si interface whereas they can
still be contributed in transmission across the relatively insensitive polycrystalline
Au/Si interface. Here in this experiment we found a nearly 1.8 - 2 times reduction
in both P and AP transmission whereas no loss of transmission was observed earlier
with Au/Si Schottky detector. Polycrystalline Au/n-Si interface has a barrier height
of 0.8 eV, hence relatively low energetic electron will be collected across Cu/n-Si
interface with proper momentum conservation due to the epitaxial nature. Because
of the difference in layer thicknesses it is not so trivial to compare the transmission
values between these two experiments however the actual reason for two dissimi-
lar observations is the difference in Schottky collector interface. Although the hot
electron scattering process removes electron from being collected in presence of the
flake, the spin asymmetry remain the same. The spin-flip length for perpendicular
transport in graphite is found to be significantly larger than the graphite thickness
which is in agreement with the previous experiment. For hot electron spin transport,
charge carrier velocity is different than the Fermi level electron which results in ad-
ditional inelastic scattering channels in addition with the elastic scattering. There
has been an intense research to understand lateral spin scattering and transport in
graphene, whereas our study establishes that graphite is also an equivalent material
to study spin transport and scattering in its perpendicular direction.
7.4 Conclusion and Outlook
In conclusion we have shown that using an energy and momentum sensitive Cu/Si
Schottky detector, it is possible to quantify the hot electron scattering in graphite
and across Gr/Au interfaces. The BEMM transmission ON the 16 nm thick graphite
flake is nearly 1.8-2 times lower than OFF the flake at -2 V tip bias. However nearly
equal MC at almost all energies indicates the spin flip scattering is much more larger
than the graphite thickness. Thickness dependent study of graphite flakes should
give much more information about the length scale. Although we tried to perform
the thickness dependent measurement but we found difficulties in the fabrication
process. Thicker flakes (>30 nm) are found to have distorted top surface than hav-
ing a flat surface which are not suitable for the deposition of the metal layers on the
flake. So we change our fabrication protocol and focus our interest towards the thin-
ner flakes to study hot electron in graphene directly across Graphene/n-Si interface
and is discussed in the last chapter in this thesis.
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